Neural prosthetics are typically situated in an aggressive, biochemical environment that requires materials with superior stability and performance. These probes have dual functionalities of recording and stimulation. The material stability is defined by the ability of these probes to withstand the operating conditions throughout billions of cycles of electrical modulations. On the other hand, performance is measured by the electrochemical response of the microelectrode materials. In this paper, microelectrodes made of two material systems; namely, platinum and glassy carbon thin-films, supported on a flexible substrate are fabricated and investigated for the correlation between process parameters and the electrochemical efficacy of the neural interfaces.
Introduction
There have been great strides made in the treatment of neurological disorders, restoration of lost sensorimotor functions, and with some degree of success, real-time detection of neurotransmitters [1] [2] [3] [4] [5] . The latter is somewhat limited since the required application of fast scan cyclic voltammetry (FSCV) accelerates the rate of electrode bio-fouling as well as physical and performance degradation [6] . However, growing demand for clinical treatments using electrical stimulation in paralysis and chronic pain therapies requires the development of new neural implants and microelectrodes with long-term performance based on electrochemically stable material. Here, the long-term performance indicates the ability of the microelectrodes to undergo electrochemical cycles in the order of billions of cycles. Furthermore, electrochemical stability is defined such that the behavior of the neural electrode remains constant and reliable under simultaneous exposure to biofouling agents and electrical stimulations over a clinically relevant time frame. Currently, the most common biomedical materials used in this domain of application are platinum, gold, and iridium oxide [7] [8] [9] .
In particular, platinum is widely studied and commercially manufactured for restorative neural treatments due to its biocompatibility and ease of fabrication [8] . However, the performance of platinum in thin-film technology for neural stimulation is insufficient for long-term implementations. Recent reports have investigated the intrinsic structural deformation of thin-film platinum electrodes affected by acute exposure of electrochemical stimuli; the results showed a reduction in chemical stability as well as delamination and cracking of the thin-film due to oxidative stress [10] . In effect, the aggressive conditions of the biological and physiological responses concurrently with stimulated cyclic oxidation and reduction reactions are conducive to corrosion of the thin-film layer. Regardless of the limitations mentioned above of platinum thin-3 films in neural stimulation, the excellent electrical properties and tunable surface structure stipulates further research, and provide a recognizable platform for microfabricated electrode arrays. Moreover, the biocompatibility of platinum impedes a severe tissue reaction and inflammatory response, which potentially can harm the surrounding host tissue [1, 7, 11, 12] , thus satisfying a requirement for high performing and stable microelectrode material.
On the other hand, the emergence of carbon-based materials used in biomedical applications and the growing demand for further miniaturization of neural stimulating electrodes [13] has led to the development of glassy carbon as an alternative material to platinum thin-film.
In addition to being exceptionally biocompatible, glassy carbon is desirable for neural stimulations due to its wide electrochemical potential window, excellent electrochemical inertness, and tunable mechanical and electrical properties [14] [15] [16] [17] [18] [19] [20] [21] . Nonetheless, the use of carbon electrodes has its shortcomings such as variation in sensitivity and response of the same electrode after extended periods of use as well as the need for maintaining a reproducible surface with consistent physicochemical properties [14] . Though, the latter problem has been controlled through advancement in the fabrication process of glassy carbon, which entails pyrolysis of an organic precursor in a vacuumed environment in the presence of inert gas (nitrogen is commonly used) [17, 18] . Overall, the advantages of glassy carbon encourage further investigations in utilizing the material for neural modulation. Furthermore, recent studies comparing the performance of glassy carbon and platinum using in vitro electrochemical analysis showed that glassy carbon remained electrochemically stable after 3.5 billion electrical pulses [22] , whereas platinum delaminated from the substrate with one million pulses [23]; thus, making glassy carbon a viable alternative for the traditional metal neural interfaces.
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Due to the prominence of platinum as a conductive and biocompatible material, and the emergence of glassy carbon as a viable replacement, the research herein focuses on the investigation of tuning the behavior of these materials by altering the underlying process parameters to achieve stable performance.
Materials and Sample Preparation
Two sets of microelectrodes were designed and fabricated to draw a comparison while explicating the tunability parameters for superior performance of neural electrodes. Specifically, batches of glassy carbon and platinum, 300 μm in diameter, microelectrodes were fabricated in a 3 x 4 array configuration with 700 μm spacing in both the width and length directions. For platinum microelectrodes, the same basic negative photolithography process is implemented, but the pyrolysis step is replaced by physical vapor metal deposition, i.e. the process starts with layer 2 as seen in Table 1 . Figure 1 .b summarizes the fabrication steps using DC magnetron sputtering to deposit a multilayer structure consisting of chromium as an adhesion promotion layer followed by gold and platinum layers for conductivity and biocompatibility, 8 respectively. Since the thin-film microstructure, hence the resulting topography and film morphology, are highly influenced by sputtering conditions, the inert gas pressure was changed to assess the interrelation between film surface structure and process parameters. While maintaining the same pre-deposition vacuum pressure and the sputtering power, argon gas pressure was varied from the default ~1.5 Pa to ~1.1 Pa and ~0.7 Pa, which represents a successive 25% reduction.
Three batches of electrodes were fabricated and tested for each of the changes in the preparation process. The difference in the number of batches between glassy carbon and platinum is attributed to process yield, where the former suffers low yield. The yield was determined by the ratio of microelectrodes that produced stable electrochemical data, discussed next, and the total number of electrodes designed for each batch of fabrication. In this research, a batch of glassy carbon and platinum MEAs gave a yield of approximately 30% and 70%, respectively. Table 2 summarizes the microfabrication conditions used to prepare the samples. the tip skipped over a coating blister or defect (explained later) causing the tip to lift off from the surface resulting in an artificial scratch line to appear on the surface, hence the application of line removal during the post-processing step. Second, it was noted that scanning the surface of glassy carbon electrodes abraded the tip faster than scanning the surface of platinum, thus requiring frequent replacement of worn tips with fresh ones. This qualitative observation indicates that glassy carbon may be mechanically harder than platinum. Finally, specific to the platinum thin-films, additional high resolution scans were collected by focusing on 2 x 2 μm areas with all other scanning parameters analogous to those stated above. These high resolution scans provide a deeper insight into the resulting platinum thin-film structure.
The samples were also investigated using SEM (Quanta 450, FEI, Hillsboro, OR) to qualitatively study the effect of process parameters on the morphology of glassy carbon and platinum thin-films. Prior to this microscopy, the glassy carbon samples were coated with 6 nm of platinum to prevent charges accumulation on the polyimide substrate. Regardless of the film materials, micrographs were captured under high vacuum at a magnification of 25000x and an accelerated voltage of 10-25 kV. To maintain an effective focus range, the distance between the sample and beam-column was fixed to ca. 10 mm.
Cyclic voltammograms of the samples were collected from a total of 21 and 25 electrodes with active materials made of glassy carbon and platinum, respectively. The potential of the working electrode was cycled between -0.5 V and +0.5 V at a scan rate of 100 mV/s for 25 cycles and the resulting current density was measured in a three-cell electrochemical setup. In this configuration, the setup consisted of a Ag/AgCl reference electrode, a platinum coated counter electrode, and the fabricated samples acting as the working electrode; all of which were concurrently immersed in an electrolytic solution (0.7 M phosphate buffer saline with a pH of 7.4) while the potential is controlled and recorded using a potentiostat (Modulab XM ECS, Ametek, Berwyn, PA). For each electrode, the 23 rd cycle was selected for post-processing since it was found to correspond with reaction stability, where two successive cycles were qualitatively and quantitatively similar. The areas under the curve of the response representing the anodic and cathodic reactions were calculated and compared to determine the reversibility of the reaction. If the reaction was deemed reversible, then the total area under the current density vs potential response represents an estimation of the charge injection capacity.
The corrosion rate of glassy carbon and platinum were deduced based on electrochemical characterization by measuring the polarization curves (E vs log(i), where E is the potential between the reference and working electrodes and i is the current) in a three-cell electrochemical setup, as previously described, using a potentiostat with the capability to run polarization resistance tests (Reference 600+, Gamry, Warminster, PA). Once the polarization plots were collected, the corrosion current was reported by fitting the Tafel equation independently into the cathodic and anodic portions of the E vs log(i) plots [26] . Subsequently, the corrosion rate is then calculated using Equation 1.
Where, k is a constant of 3.272 x 10 -9 [27], icorr is the corrosion current, A is the surface area of the electrode, and w and ρ are the equivalent weight and density of the material, respectively. The equivalent weight and density of the thin-film platinum were ca. 48.8 and 21.45 g/cm 3 , whereas for glassy carbon were ca. 6.0 and 1.5 g/cm 3 , respectively. Data were collected from a total of 36 and 24 electrodes of glassy carbon and platinum, respectively.
Results and Discussion
Here, results are discussed in two sections; namely, morphology and topography of the different microelectrode materials are first elucidated based on the micrographical analysis using SEM and AFM. Thereafter, the electrochemical characteristics of glassy carbon and platinum are explicated as the tuning parameters for neural stimulations. Figure 2 shows the morphology of glassy carbon films synthesized under different N2 flow rates that varied between 7.5 sccm and 22.5 sccm, while maintaining all other pyrolysis conditions constant. It is important to note that 'Top Surface' notation in Figure 2 refers to the surfaces of the electrodes that were exposed to the N2 flow during pyrolysis, while the 'Bottom Surface' was in contact with the substrate and was only exposed after the lift-off process. Here, a qualitative comparison is presented between the top and bottom surfaces of the electrodes to understand the effect of changing the flow rate on the resulting morphology, hence the performance of glassy carbon for in vivo, bio-stimulation applications. The N2 flow rate variation has two major effects on the morphology of the electrodes corresponding to the scans from the top and bottom surfaces.
Micrographical Results
First, an increase in the N2 flow was found to be a precursor in the nucleation of pits and voids.
For example, while the top surface at 7.5 sccm is nearly clear of any noticeable morphology, the surface at the maximum N2 flow is ubiquitously full of voids and pits. The nominal flow rate of 15 sccm tends to instigate the formation of surface morphology, but at a much less level than those shown at a high flow rate. Second, the interrelationship mentioned above between the inert gas flow rate and the resulting morphology seems to be amplified when observing the bottom surface.
While the bottom surface at the nominal flow rate exhibits common characteristics of the surfaces at other flow rates by encompassing the grainy (for low N2 flow rate) and porous surfaces (for high N2 flow rate), the bottom surface resulting from high flow rate reveals a nearly porous morphology with the absence of grainy structure. Both effects are attributed to the change of the gas flow rate, which is discussed in relation to the mechanics of the fabrication process. The formation of glassy carbon from the carbonization of SU8 releases thermally decomposed organic compounds that are escaping through the top surface of the electrode. These compounds are then carried away from the surface by the evacuation of the N2 gas due to the difference between the vacuum pressure at the inlet of the pump and the pressure inside the pyrolysis chamber. Here, we consider a control volume over the vacuum chamber, where the pyrolysis process is taking place. In the chamber, there are three gas inputs into the chamber that the vacuum pump is working against; namely the N2 as the inert working gas (controlled flow), the uncontrolled outgassing from the chamber structure (a function of the geometry, materials, temperature, etc.), and the gas outflowing from the sample surface due to the decomposition of the 14 SU8 during the carbonization process. The latter is constant for a given electrode geometry and temperature; in all, the flow rate of the gas compounds released due to the thermal decomposition of SU8 is constant since the heating rate and duration are fixed. The least controlled gas flow source is that of the chamber outgassing; nonetheless, it can be assumed to be constant for all practical reasons over the relatively short duration of the process. In other words, the chamber does not release gases at a high rate (i.e., within 24 hours) to negatively and significantly affect the glassy carbon formation process. Thus, the remaining source of gas species have the overall control over the resulting morphology or in other words, the localized difference in the pressure over the surface of the electrode results in different film morphology.
The N2 flow rate results in an increase in the internal pressure inside the chamber since the pump is working at a constant pumping speed. As a result, this improves the heat transfer process at the interface between the top surface of the sample and the surrounding environment, which in turn accelerates carbonization, i.e., the release of gas compounds and the onset of crystallization.
Similarly, previous research has shown increasing heating ramp rate in pyrolysis increases microporosity of the resulting glassy carbon due to a faster rate in carbonization; in other words, micropores cannot anneal out before the onset of solidification [28] . The relatively fast decomposition of the organic polymers leaves a porous structure as that shown in Figure 2 .c.
Therefore, the fundamental process that controls the degree of porosity is associated with interrelation between the heat transfer process and the flow rate of the inert gas, such progression is shown in the different micrographs included in Figure 2 at different rates. Figure 3 shows a schematic of the heat transfer process during carbonization mentioned above.
15 On the contrary, these are shown as black spots on Figure 5 .a and 5.b. In turn, the surface roughness of the platinum was found to decrease as the argon pressure increased, which is quantitatively shown in Figure 5 .d to Figure 5 .f from AFM scans of the platinum films deposited at ~0.7 Pa, ~1.1
Pa, and ~1.5 Pa, respectively. The overall morphology and structure of films deposited at argon pressures of ~1.5 Pa can be considered more suitable to higher carrier transport, which in turn affects the corrosion rates as discussed later. Generally, the optimal argon pressure for DC magnetron sputtering process that corresponds to the maximum deposition rate is ~1.33 Pa, which balances between scattering and collision between ions of Ar [29] . This optimal pressure and the associated film quality were found to be in good agreement with the platinum films deposited herein at Ar pressure of ~1.5 Pa. pressures of ~0.7, ~1.1 and ~1.5 Pa, respectively. On average, the corrosion current for platinum is then ~3.7 times higher than the current for glassy carbon or in other words platinum may appear to be more resilient against corrosion. However, since the relative density between platinum and glassy carbon is 14.36, the glassy carbon films are indeed the more corrosive resistant substances as concluded by comparing the corrosion rate in Figures 6.c and 6 .d.
Additionally, Figure 6 .a shows symmetric polarization curves for glassy carbon, which implies that the anodic and cathodic reactions have minimum influence on one another or in other terms, the applied potential does not enhance oxidation at the interface. Alternatively, Figure 6 .b
shows asymmetric polarization curves for platinum regardless of the argon pressure, which
indicates that the applied potential enhances the oxidation rate. Hence, platinum corrodes at a higher rate than glassy carbon as reported here and discussed above. The indifference of the symmetry of potential curves to process parameters is attributed to the overall film morphology and structure such that glassy carbon is a dense, porous film while platinum is a heterogeneous, columnar film. Finally, the results shown in Figure 6 .c and 6.d suggest an interrelationship between the change in surface roughness and corrosion rate, where a general tread of an increase or decrease in surface roughness corresponds to an analogous change in the corrosion rate. For example, the surface roughness of glassy carbon increases from 2.14 nm to 3.49 nm, on average, as the corrosion rate increases nearly monotonically from 35.78 μmpy to 62.65 μmpy, respectively. Similarly, the corrosion rate of sputtered platinum films decreased as the film surface became less rough. It is important to note that contrary to the nearly monotonic correlation between surface roughness and corrosion rate in glassy carbon, platinum exhibits an inflection point in the relationship between roughness and corrosion rate, which is associated with the drastic change in the film morphology that is uncovered by the SEM micrographs ( Figure 5 .a-c) and previously discussed. In other words, where the platinum surface roughness decreased by 3.2 nm when the films were sputtered at an 19 argon pressure of 0.7 and 1.1 Pa, the corrosion rate dropped by 40% from 147 μmpy to 87 μmpy for the same conditions. This trend did not continue thereafter, rather a significant drop of surface roughness from 24.3 nm to 12.6 nm corresponds to a mere 1% drop in the corrosion rate. When platinum is sputtered at low argon pressure, the surface coverage is poor and results in higher density of voids and blisters. Whereas, when sputtered above the optimal argon pressure the film roughness significantly reduce, as one would expect, but the corrosion rate remains constant since the film morphology noted to be void-free for 1.1 and 1.5 Pa as shown in Figure 5 .b and Figure   5 .c, respectively. In all, the results conclusively indicate that glassy carbon films produced at an N2 flow rate of 7.5 sccm and platinum films produced at ~1.5 Pa argon pressure are robust and may be suitable for neural probes. Due to the dual functionality of neural electrodes, namely stimulation and recording, the electrochemical results reported herein offer fundamental insight into tuning the electrode performance. In the stimulation functionality, the applied current should be limited to be below the corrosion current, which in turn elongates the lifetime of the electrode by controlling the corrosion rate. On the contrary in the recording functionality, the performance metric here is the signal sensitivity (i.e., measuring conditions that are conducive to high potential), which corresponds to the Tafel region of the polarization curve. In short, operating at currents below the corrosion current is suitable for stimulation, while operation within the Tafel region is more appropriate for recording. Thus, in light of the results presented herein, it appears that glassy carbon outperforms in the stimulation application with lower corrosion current, expected longer 22 lifetime, and smoother surface, while platinum may be superior for recording applications due to the higher potential. The latter, however, suffers from a shorter lifetime. Finally, based on cyclic voltammetry analysis, the electrochemical stability of glassy carbon was found to be more superior to that of platinum thin-film.
Conclusion
Neural stimulation and modulation applications stipulate harsh operating conditions, which require materials that are both mechanically and electrically stable. In here, the performance of a conventional material candidate for neural prosthetics, namely platinum, was compared to the emerging glassy carbon. Fabrication process parameters were varied to control the overall quality of the neural electrodes, which were then characterized using scanning electron microscope for morphological investigation and atomic force microscope for topographical studies. Polarization curves and cyclic voltammograms were also collected to elucidate the electrical stability of the electrodes. Generally, the gas pressure and flow rate in the fabrication processes were found to affect the surface roughness, which had an effect on the overall performance of the electrodes. The results suggest that glassy carbon exhibit several advantages that positions it a serious competitor for electrical stimulation in the area of neural prosthetics. 
